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Estimating Irrigation Water Use in the Humid Eastern

United States

By Sara B. Levin and Phillip J. Zarriello

Abstract

Accurate accounting of irrigation water use is an impor-
tant part of the U.S. Geological Survey National Water-Use
Information Program and the WaterSMART initiative to help
maintain sustainable water resources in the Nation. Irrigation
water use in the humid eastern United States is not well char-
acterized because of inadequate reporting and wide variability
associated with climate, soils, crops, and farming practices.

To better understand irrigation water use in the eastern United
States, two types of predictive models were developed and
compared by using metered irrigation water-use data for corn,
cotton, peanut, and soybean crops in Georgia and turf farms in
Rhode Island. Reliable metered irrigation data were limited to
these areas.

The first predictive model that was developed uses
logistic regression to predict the occurrence of irrigation on
the basis of antecedent climate conditions. Logistic regression
equations were developed for corn, cotton, peanut, and
soybean crops by using weekly irrigation water-use data
from 36 metered sites in Georgia in 2009 and 2010 and turf
farms in Rhode Island from 2000 to 2004. For the weeks
when irrigation was predicted to take place, the irrigation
water-use volume was estimated by multiplying the average
metered irrigation application rate by the irrigated acreage for
a given crop.

The second predictive model that was developed is a
crop-water-demand model that uses a daily soil water balance
to estimate the water needs of a crop on a given day based on
climate, soil, and plant properties. Crop-water-demand models
were developed independently of reported irrigation water-use
practices and relied on knowledge of plant properties that are
available in the literature. Both modeling approaches require
accurate accounting of irrigated area and crop type to estimate
total irrigation water use.

Water-use estimates from both modeling methods were
compared to the metered irrigation data from Rhode Island
and Georgia that were used to develop the models as well as
two independent validation datasets from Georgia and Virginia
that were not used in model development. Irrigation water-use
estimates from the logistic regression method more closely

matched mean reported irrigation rates than estimates from the
crop-water-demand model when compared to the irrigation
data used to develop the equations. The root mean squared
errors (RMSEs) for the logistic regression estimates of mean
annual irrigation ranged from 0.3 to 2.0 inches (in.) for the
five crop types; RMSEs for the crop-water-demand models
ranged from 1.4 to 3.9 in. However, when the models were
applied and compared to the independent validation datasets
from southwest Georgia from 2010, and from Virginia from
1999 to 2007, the crop-water-demand model estimates were as
good as or better at predicting the mean irrigation volume than
the logistic regression models for most crop types. RMSEs
for logistic regression estimates of mean annual irrigation
ranged from 1.0 to 7.0 in. for validation data from Georgia and
from 1.8 to 4.9 in. for validation data from Virginia; RMSEs
for crop-water-demand model estimates ranged from 2.1 to
5.8 in. for Georgia data and from 2.0 to 3.9 in. for Virginia
data. In general, regression-based models performed better
in areas that had quality daily or weekly irrigation data from
which the regression equations were developed; however,
the regression models were less reliable than the crop-water-
demand models when applied outside the area for which they
were developed. In most eastern coastal states that do not have
quality irrigation data, the crop-water-demand model can be
used more reliably.

The development of predictive models of irrigation
water use in this study was hindered by a lack of quality
irrigation data. Many mid-Atlantic and New England states
do not require irrigation water use to be reported. A survey
of irrigation data from 14 eastern coastal states from Maine
to Georgia indicated that, with the exception of the data in
Georgia, irrigation data in the states that do require reporting
commonly did not contain requisite ancillary information such
as irrigated area or crop type, lacked precision, or were at an
aggregated temporal scale making them unsuitable for use
in the development of predictive models. Confidence in the
reliability of either modeling method is affected by uncertainty
in the reported data from which the models were developed or
validated. Only through additional collection of quality data
and further study can the accuracy and uncertainty of irriga-
tion water-use estimates be improved in the humid eastern
United States.



2 Estimating Irrigation Water Use in the Humid Eastern United States

Introduction

Human water use, climate change, and the recognition
of shared water resources for ecological needs are increas-
ing the strain on freshwater resources in many regions of the
United States. To manage water resources, particularly those at
risk, sound estimates of human water demands and ecological
needs are required. Irrigation is the largest consumptive use of
water in the Nation. That is, unlike many other water uses that
are returned or recycled back into the environment and can be
reused, over half the water used for irrigation nationally is lost
through evapotranspiration (Solly and others, 1998). Every
5 years, the U.S. Geological Survey (USGS) National Water-
Use Information Program (NWUIP) reports on water use
across the country. The information is compiled from many
sources at state and local levels and is aggregated to provide
information on water uses, volumes, and sources by state. The
2005 NWUIP compilation reported that irrigation water use
totaled 128,000 million gallons per day (Mgal/d) and com-
posed 37 percent of the total freshwater withdrawals in the
country, second only to withdrawals for thermoelectric power
(Kenny and others, 2009).

Irrigation water use is relatively small in the humid
New England and mid-Atlantic States relative to the arid and
semiarid western states, where most of the crop water demand
is met by irrigation. In the humid east, farmers commonly
rely heavily on frequent summer rainfall to meet crop water
needs. According to the 2008 Farm and Ranch Irrigation
Survey (FRIS) report, irrigated farms represented only 20
and 30 percent of the total crop farms in New England and
the mid-Atlantic regions, respectively (U.S. Department of
Agriculture, National Agricultural Statistics Service, 2009a).
However, there is evidence that irrigation is becoming more
common in these regions. The acreage of irrigated land in New
England increased by 3 percent from 2003 to 2008 despite a
35 percent decrease in the total acreage of farmland. In the
mid-Atlantic region, irrigated acreage increased by 33 percent
during this time; whereas the total acreage of farmland
increased by only 6 percent (U.S. Department of Agriculture,
National Agricultural Statistics Service, 2009a).

The large consumptive use of water for irrigation under-
scores the importance of accurate monitoring and accounting
of irrigation water use at the local, state, and national levels.
However, estimating irrigation water use is difficult, especially
in the eastern United States, because of its high variability
and the lack of reporting standards. Irrigation water use varies
widely due to climate conditions, crop and soil type, and dif-
ferences in irrigation practices. This variability and the uncer-
tainty in reported irrigation data result in inconsistent esti-
mates of irrigation water use from different sources. The U.S.
Department of Agriculture (USDA) Census of Agriculture
and conjunctive FRIS provide major sources of supplemental
information that support the development of NWUIP irrigation
estimates, but this information is compiled on a 5-year cycle
that is offset from the 5-year NWUIP compilation by 3 years.
The 2008 FRIS reported irrigation water use of 91.3 million

acre-feet per year (about 83,400 Mgal/d) of water in the
United States. This is about 50 percent less than the irrigation
water use reported in the 2005 NWUIP. Although irrigation
can vary appreciably by year and region, differences of this
magnitude may also be attributed to the quality of the irriga-
tion water-use information used by the USGS and USDA and
the methods used to analyze that information.

To better account for irrigation water use in the humid
eastern part of the Nation, the USGS WaterSMART initiative
is examining existing irrigation water-use data and is develop-
ing methods to better estimate irrigation water use. This study
is part of the WaterSMART initiative to provide information
and tools to those working in water-resource planning and for
the management of sustainable water resources for the Nation.

Purpose and Scope

The purpose of this report was to present and compare
models for estimating irrigation water use in humid New
England and mid-Atlantic States and to assess the feasibility
and data needs for implementing these estimation methods
on a regional scale within the study area. Two methods of
estimating crop irrigation water use were developed from
existing metered data in Georgia and Rhode Island. The
first method uses logistic regression equations to predict
the occurrence of irrigation on a given week on the basis
of antecedent climate variables and estimates of irrigation
volume by using average water application rates. Logistic
regression equations were developed for corn, cotton, peanut,
and soybean crops in Georgia and turf farms in Rhode Island.
The second method uses a daily water balance to predict
irrigation on a given day based on climate, soil, and plant
properties. The models were developed for the same five
crops. Water-use estimates from both models were compared
to independent datasets from Georgia and Virginia that were
not used in model development.

Previous Studies

Zarriello and Bent (2004) developed logistic regression
equations to predict the occurrence of daily irrigation for
turf farms and golf courses in Rhode Island from antecedent
precipitation and potential evapotranspiration (PET). These
equations were revised with updated data by Bent and others
(2009) and applied to a broader area of Rhode Island. The
logistic regression equations accurately predicted daily irriga-
tion 78 percent of the time for turf farms and 79 percent of the
time for golf courses. On days when irrigation was predicted,
water-use volumes were estimated by multiplying the average
withdrawal rate per acre by the number of acres irrigated.

Fanning and others (2001) predicted irrigation water use
in Georgia from five regression equations developed from
withdrawal-permit information. The five equations predict
(1) whether or not irrigation will be used at a given location,
(2) the crop type, (3) the irrigated acreage, (4) the planting and



harvesting dates, and (5) the volume of water applied. Model
estimates of countywide irrigation in Georgia during the

1996 growing season (March through October) were roughly
15 percent higher than irrigation determined from a sample of
metered irrigation data.

Although more commonly used in arid, water-scarce
environments, physically based simulation models of crop
water demand have been used in the eastern United States
to estimate irrigation water requirements in Florida (Satti
and others, 2004) and Georgia (Guerra and others, 2007), as
well as potential changes in irrigation needs in the southeast
United States under several climate-change scenarios (Peart
and others, 1995). Additionally, the crop-water-demand
method is incorporated into a more general soil water balance
model that uses gridded climate and soil data to calculate
spatially explicit groundwater-recharge estimates of soil water
(Westenbroek and others, 2010).

Irrigation Data Compilation

Irrigation water-use data for this study were initially
compiled for the coastal eastern United States from 13 states
from North Carolina to Maine (table 1). The available irriga-
tion data for these states were usually limited to the spatially
and temporally aggregated information reported in the 5-year
compilations for the NWUIP and the FRIS, which are not
well suited to developing tools for estimating irrigation water
use. About half the states in the study area have no reporting
requirement. States that do have reporting requirements vary
widely in the types of information that are required (irriga-
tion volume, irrigated acreage, crop type, irrigation method,
and water source), the reporting time scale (daily, monthly, or
annual usage), and whether the data were metered, estimated
from average pumping times, or determined by other means.
These data are typically aggregated over a growing season and
often lack quality assurance, which limited the use of this data.
The study area was later expanded to include Georgia because
of the availability of quality metered irrigation data (table 1).

The availability of irrigation water-use data varied
by state. Site-specific irrigation water-use data were either
not reported or were unavailable because of confidentiality
agreements in Delaware, Maine, Massachusetts, New
Hampshire, New York, and Vermont. In Rhode Island, metered
irrigation data were collected by the USGS at nine turf farms
and four golf courses from 2000 to 2004 for a detailed basin
study. These data were used to develop predictive equations
for irrigation use on turf farms and golf courses (Bent
and others, 2009, Zarriello and Bent, 2004). Connecticut,
Maryland, Pennsylvania and New Jersey required reporting
of monthly irrigation volumes for agricultural crops and golf
courses. These data were estimated from pumping rates or
other non-metered methods, and ancillary information, such as
irrigated acreage and crop type, were not reported. In Virginia,
monthly irrigation volumes were available from 1999 to 2009
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at about 800 agricultural sites. Irrigated acreage and crop
information were reported for roughly half of these sites. In
North Carolina, estimated daily irrigation volumes for golf
courses, nurseries, and farms were available from 1983 to
2010; however, irrigated acreage was not available, and crop-
type information was limited. In Georgia since 2004, metered
irrigation is required and is reported for all agricultural water
use (Georgia General Assembly, 2003). Metered irrigation data
from Georgia that were available for this study included daily
volumes at 54 sites for the 2009 growing season and weekly
irrigation volumes at 75 sites for the 2010 growing season. In
addition, metered annual irrigation volumes were available
for over 4,000 sites in southwestern Georgia during 2010.
Irrigated acreage was reported at about half of the sites.

Data Screening

Irrigation data obtained from states within the study
area were screened for use in developing predictive irrigation
water-use models. Irrigation data from Connecticut, Maryland,
and New Jersey were not suited for use in this study because
the data did not include information regarding irrigated acre-
age and crop type, which are needed for model development.
Irrigated acreage associated with a reported volume is required
to normalize the water-use data to a volume-per-unit-area mea-
surement to account for the large range in irrigation volumes
associated with varying field sizes. Information concerning
crop type is important because irrigation needs over the grow-
ing cycle vary for different crops. For example, in Georgia,
corn is usually planted in March and harvested by July. Corn
is most susceptible to water stress during the tasseling and
silking phase of growth, which is roughly 60 to 70 days after
planting, around May and June (Lee, 2012). Susceptibil-
ity to water stress declines after this period, and corn crops
can require little or no irrigation during the hottest summer
months when the corn is nearing harvest. Cotton is usually
planted in May in Georgia, and in contrast to corn, cotton is
fairly drought tolerant after germination through early growth.
Consequently, cotton farmers with limited water sources may
withhold irrigation after early growth so that water is available
during the more critical fruiting phase in late July and August
when the crop is more susceptible to drought. The large differ-
ences in crop-specific water use make this piece of informa-
tion crucial for model development.

Reported irrigation water-use data were screened to
identify potential problems with data quality or accuracy.
Of the states in the study that require reporting of irrigation
water use, only Georgia requires metering. Data from other
states are unmetered and, at best, the water use is estimated
by the pumping capacity of the irrigation system multiplied
by the hours of operation, which is usually not well tracked.
The uncertainty in these water-use estimates creates noise in
the data that precludes the development of statistical models
of acceptable significance or the validation of physical crop
models with the reported irrigation water use.
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Table 1.

[--, no information]

Irrigation data compiled from New England and mid-Atlantic states.

State Period of Available data Water-use Notes
record estimation method
Connecticut 1997-2001 Monthly irrigation volumes for golf courses, nurseries, Average pumping Data not georeferenced.
and farms. rates Acreage and crop type not
available.
Delaware Data not collected or unavailable. -- --
Georgia 2009-2010 Daily irrigation volumes for 2009 and weekly volumes Metered data Limited crop-type information.
for 2010. Annual volumes at a larger set of farms for
2010. Irrigated acreage available at some sites.
Maine Data not collected or unavailable. -- --
Maryland 1980-2005 Monthly irrigation volumes and water source type. Unknown Acreage and crop type not
available.
Massachusetts Data not collected or unavailable. -- --
New Hampshire Data not collected or unavailable. -- --
New Jersey 2003-2008 Monthly and annual irrigation volumes. Unknown Acreage and crop type not
available.
New York Data unavailable due to confidentiality agreements. -- --
North Carolina 19832010 Daily irrigation volumes for golf courses, nurseries, Estimated Acreage not available. Limited
and farms. crop type information.
Pennsylvania 2003 Monthly irrigation volumes and water source type Mostly estimated ~ Acreage and crop type not
(groundwater or surface water). available.
Rhode Island 2000-2007 Daily irrigation volumes and irrigated acreage for Metered daily data --
selected turf farms and golf courses.
Vermont Data not collected or unavailable. -- --
Virginia 1999-2009 Monthly irrigation volumes and water source type for ~ Mostly estimated, Limited crop-type and acreage.

golf courses, nurseries, and farms.

several metered




Initial screening of the reported irrigation data revealed
inconsistencies and quality issues associated with some
reported water-use volumes. For example, two farms in North
Carolina report daily irrigation during large tropical storms
or hurricanes when they received about 7 to 10 inches (in.) of
precipitation over a 2-day period. Even though farms could
have automated irrigation systems that irrigate during short
periods of rain, irrigation during an extended period of heavy
rain is unlikely because it is uneconomical and could cause
crop damage from excessive water. In other cases, reported
daily irrigation volumes ranged over three orders of magnitude
at a single location. At one farm, average daily applications
of 2,000-3,000 gallons per day (gal/d) were interspersed
with short application periods of 1,000,000 gal/d. Some sites
reported irrigation only on the first or last day of each month.
In these cases, it is likely that a monthly irrigation volume
was estimated but reported on a single day for convenience. In
Virginia, some sites reported irrigation rates of over 30 in. per
month on a crop, even during months with average rainfall. In
other locations, estimates of monthly irrigation water use are
identical from one year to the next. Although these inconsis-
tencies might be real, the data more likely reflect reporting
errors that can be attributed to lack of metering or concern in
what is reported. Accurate information about the area irrigated,
crop type, and irrigation method could help determine the
validity of reported irrigation water use in these cases.

In 2003, Georgia required all permitted irrigation water
use to be metered (Georgia General Assembly, 2003), and
meters were installed from 2004 to 2009. Since 2004, annual
metered irrigation volumes are collected from all permitted
irrigation sites in Georgia. In addition, daily metered data
are collected at a subset of irrigation sites across the state.
Although metered data are more accurate than estimated
data, several conditions could cause incorrect readings. For
example, after the pump is shut off, negative air pressure in
the well or in the supply pipe can cause the meter impeller
to operate in reverse and can artificially decrease the meter
reading. Conversely, the recorded irrigation volume could be
larger than the actual volume because of positive air pressure
in the distribution line caused by rising groundwater levels
after a pump has been shut off. A previous analysis of annual
Georgia irrigation water-use data at over 4,000 metered sites
determined that erroneous meter measurements were present
at about 2.5 percent of the sites, resulting in a 38 percent
overestimation of statewide mean irrigation volume (Torak
and Painter, 2011). These sites were removed from the
analysis, but less obvious metering errors could be a factor
in the reported irrigation use. Despite potential uncertainties
related to meter malfunctions, the daily and weekly metered
data from Georgia are considered to be the most accurate of all
the data available for this study. For this reason, the daily and
weekly metered irrigation volume data from Georgia in 2009
and 2010 were used to develop the logistic regression model
and to assess the crop-water-demand models.
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Data Stratification by Type of Crop

Irrigation data were stratified by crop type in order to
develop predictive models for specific crops. The Georgia
irrigation data consisted of daily metered water-use volumes at
55 sites in southern and eastern Georgia from March 1, 2009,
to December 31, 2009, and weekly metered water-use vol-
umes at 76 sites in southwestern Georgia from May 9, 2010,
to October 24, 2010 (fig. 1). Irrigation systems in Georgia are
primarily center pivot, and each metered site provided water to
only one field. It was assumed that only one crop was grown
during the growing season; however, double cropping, in
which two crops are grown in succession during one summer
growing season, is a common practice in southern Georgia.

It was unknown at which metered sites, if any, double crop-
ping took place. In addition, irrigated acreage was not always
reported, and crop type was typically not reported. This infor-
mation then had to be determined from published geospatial
data as described below.

Two geospatial datasets were used to supplement the
Georgia irrigation data by providing additional information
on the irrigated acreage and crop type. The Georgia irrigated
lands spatial data layer maps the area of irrigated fields in
Georgia from 2006 to 2008 (Hook and others, 2009). This
data layer was used to confirm the reported irrigated acreage.
When the reported irrigated area did not reasonably match
the irrigated area from the spatial data layer, the data were
removed from further analysis. The Georgia irrigated lands
spatial data layer also provided some crop-type information
such as pecans and turf; however, most fields are labeled
only as rotation crops, which consist mostly of corn, cotton,
peanuts, and soybeans in Georgia. Geospatial data from the
Cropland Data Layer (CDL) (U.S. Department of Agriculture,
National Agricultural Statistics Service, 2009b, 2010) were
used extensively to determine the specific crop being grown
in each irrigated field during the year the data were reported.
The CDL has crop-specific and other land-cover information
developed from composite satellite imagery at a 30-meter
resolution. The CDL can identify crop types for double-
cropped fields with a summer crop followed by a winter crop,
but it does not identify both crop types in fields with two
summer crops, as is common in southern Georgia. Fields with
two or more summer crops are classified in the CDL as only
having one crop type.

The Georgia irrigated lands spatial data layer and the
CDL were overlain with the georeferenced position of the
irrigation meters to match individual metered data from 2009
and 2010 to specific irrigated fields and crop types (fig. 2).
Center pivot systems are the most common type of irriga-
tion systems used in Georgia. Fields irrigated by center pivot
irrigation were easily identified in the CDL because of their
round shape and most cases could be associated with the
metered data because the meter location is typically in the
center of the field (point A, fig. 2). In some cases, the meter
was outside a field or between several nearby fields. In these
cases, the irrigated acreage, if reported, was matched to the
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climate stations in southern Georgia.
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crop type in the nearby field(s) having the same acreage, or
the data were removed from further analysis (point B, fig. 2).
Roughly, half the reported irrigation data in Georgia did not
report corresponding irrigated acreage. If no irrigated acre-
age was reported and the meter could not be associated with
a particular field, data for that meter site were not used in the
analysis. Data from 31 sites were removed from the analysis
for this reason.

After matching each metered data point with a field, the
CDL was used to identify the crop being grown for the appro-
priate year. In some cases, more than one crop is associated
with a meter (points C and D, fig. 2). In these cases, the crop
type cannot be identified (fig. 2, point C) or the field is split
by different crops (fig. 2, point D) that may be irrigated at dif-
ferent rates or frequencies, or both. These sites were screened
from further analysis.

A total of 36 sites with daily or weekly metered data from
2009 and 2010 could be matched to an irrigated field and a
single crop type. This screened data were composed of 6 corn,
6 peanut, 6 soybean, and 18 cotton fields. Although climatic
conditions were similar between the sites, the magnitude and
frequency of monthly irrigation varied appreciably between
crop types (fig. 3) because of different water demands during
different parts of the growing cycle.

Turf grass is an important crop in many mid-Atlantic
and northeastern states. In Rhode Island, turf farms represent
over 60 percent of all irrigated farmland (U.S. Department of
Agriculture, National Agricultural Statistics Service, 2009a).
Daily metered turf-grass irrigation volumes and acreage were
collected by the USGS at eight turf farms in Rhode Island
during 2000 to 2004 for basin studies by Zarriello and Bent
(2004) and Bent and others (2009).Turf-farm irrigation rates in
Rhode Island ranged from 0.3 to 11 inches per year (in/yr); the
average was 3.6 in/yr. Rates peaked in 2002 as result of low
precipitation during the months of July and August.

Irrigation Estimation Methods

Irrigation water use was estimated by using two differ-
ent methods. One method used irrigation data from Georgia
for corn, cotton, peanut, and soybean crops to develop logistic
regression models that predict the likelihood of irrigation for
these crops. A logistic regression equation previously devel-
oped for turf farms and golf courses in Rhode Island (Zarriello
and Bent, 2004; Bent and others, 2009) was also used in this
study. The second method used a soil water balance and crop
water demand to estimate irrigation needs and was applied to
the same crops. Results from both modeling approaches were
compared to each other and to independent reported data.

Logistic Regression

Logistic regression is a statistical technique that predicts
the probability of an event occurring on the basis of one or

more explanatory variables. Logistic regression models were
first applied in a basin study in Rhode Island by Zarriello and
Bent (2004) to estimate irrigation water use at unmetered sites
and to estimate irrigation water use over time on the basis of
past climate conditions. In this study, regression equations

for daily turf irrigation in Rhode Island by Zarriello and Bent
(2004) were reexamined with an expanded dataset, and new
logistic regression equations were developed for Georgia corn,
cotton, peanut, and soybean crops to predict the probability of
irrigation taking place during a particular week on the basis
of weekly antecedent climate conditions. Initial attempts to
develop a daily irrigation model for Georgia crops produced
poor results because of the reduced number of sites with daily
data and because irrigation systems generally require more
than a day to completely irrigate the full areal coverage of a
field. Weekly equations were developed by using a suite of
climate variables and the metered irrigation data from Georgia
from 2009 and 2010 during the months of April through
October. Weekly application rates were determined from the
mean reported irrigation volumes by crop.

Turf Irrigation in Rhode Island

Zarriello and Bent (2004) developed the following
logistic regression equation for predicting daily irrigation for
turf farms and golf courses in Rhode Island by using metered
irrigation data and climate data collected during the 2000 and
2001 growing seasons:

e(—5.679l+44827] XPET 2+1.5760xPET20-1.2070xPRCP10)

= 1+ e(75.6791+4.8271><PET2+1.57()0><PET2071.2070><PRCP10) ’ (1)
where
P =probability of daily irrigation;
e = base of the natural logarithm, equal to
approximately 2.7183;
PET2 = total potential evaporation volume, in
inches, during the previous 2 days;
PET20 = total potential evaporation volume, in
inches, during the previous 20 days; and
PRCP10 = total precipitation, in inches, during the

previous 10 days.

The equations apply to turf irrigation during May 1 through
October 31 and golf-course irrigation during April 16 through
November 15. The probability of irrigation predicted by the
equations ranges from 0 to 1. A cutpoint is the probability
threshold for predicting when irrigation is or is not used.
Computed probabilities equal to and higher than the cutpoint
represent days when irrigation is predicted and those less than
the cutpoint predict days of no irrigation. The procedure for
determining optimal cutpoints for a logistic regression equa-
tion is discussed later in this report. A cutpoint of 0.34 was
determined by Zarriello and Bent (2004); however, with the
additional turf-irrigation data from Bent and others (2009), a
cutpoint of 0.50 was found to apply and was used in this study.
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The turf farms include the three metered turf farms used in the
equation development by Zarriello and Bent (2004) and the
six additional turf farms metered by Bent and others (2009).
Equation 1 accurately predicted the days when irrigation

took place 83 percent of the time at the nine turf farms with
metered data from 2000 to 2004.

Total annual (May through October) irrigation depth was
determined by multiplying the number of days when irriga-
tion was predicted from the logistic regression equation by the
mean application rate. The average irrigation application rate
on Rhode Island turf farms was about 0.1 inch per day (Bent
and others, 2009). Estimates of annual turf-farm irrigation
by the regression equation matched average reported annual
irrigation (fig. 4, table 2) reasonably well with a root mean
squared error (RMSE) of 1.0 in. Model estimates do not vary
spatially because only one central climate station was used in
the analysis. Average precipitation during the growing season
was 22.9 in.; the minimum was 20.1 in. in 2000 and the maxi-
mum was 25.6 in. in 2003. This equation was not evaluated

for other areas in the northeast because of the lack of irrigation

water-use data; however, the equation is considered a reason-
able tool for estimating irrigation water use for turf farms and
golf courses in the region on the basis of verification tests
discussed later in the report.

Agricultural Crop Irrigation in Georgia

Logistic regression equations that predict irrigation for
corn, cotton, peanut, and soybean crops were developed by
using the metered irrigation data in Georgia. Precipitation,
PET, and crop-specific potential evapotranspiration (CPET)
during several antecedent periods were tested for use as
explanatory variables in the logistic equations. Daily pre-
cipitation and temperature were obtained from the National
Oceanic and Atmospheric Administration (NOAA) National
Climatic Data Center (NCDC) for 24 stations for 2009 and
2010 (fig. 1). PET was calculated from the temperature data
by using the Hamon method (Hamon, 1961), which is based
on minimum and maximum daily air temperature and potential
hours of sunshine computed as a function of latitude. All daily
precipitation and PET volumes were aggregated into 1-, 2-,
and 3-week totals.

In addition to reference PET, CPET was calculated for
each of the four crops in Georgia. Because equations for
calculating PET are developed for a reference crop, usually a
hay crop such as alfalfa, they can be unreliable when used for
agricultural crops such as corn, cotton, peanuts, and soybeans,
which have different growth patterns and water demands.
CPET estimates the evapotranspiration of a specific crop and

Seasonal irrigation, in inches
[=2]
T

EXPLANATION

Reported data
4 Number of values
O OQutlier

75th percentile plus
1.5 times the IQR

75th percentile
Mean
Median

Interquartile
range (IQR)

25th percentile

@ 75th percentile plus
1.5 times the IQR
Model estimates
@  Logistic regression

@  Crop-water-demand model

2000 2001 2002 2003

Year

2004

Figure 4. Reported data and model estimates of annual irrigation from 2000 to 2004 at nine turf farms in Rhode

Island.
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Table 2. Reported data and model estimates of annual irrigation for turf farms during 2000 to 2004 in
Rhode Island, and corn, cotton, peanut, and soybean farms during 2009 and 2010 in southern Georgia.

[RMSE, root mean squared error]

Average irrigation,

Year Number of sites in inches per year
Observed Crop-water-demand model Logistic regression model
Corn
2009 3 6.2 5.5 8.6
2010 3 10.1 8.3 8.6
Mean 8.1 6.9 8.6
RMSE 1.4 2.0
Cotton
2009 5 3.6 4.8 32
2010 13 3.9 7.5 3.8
Mean 3.8 6.2 3.5
RMSE 2.7 0.3
Peanuts
2009 1 9.3 4.6 11.2
2010 5 12.8 9.8 13.4
Mean 11.0 7.2 12.3
RMSE 3.9 1.5
Soybeans
2009 5 9.7 8.3 10.7
2010 1 11.1 12.5 11.4
Mean 10.4 10.4 11.1
RMSE 1.4 0.7
Turf

2000 4 2.5 3.4 3.8
2001 5 4.6 6.7 5.2
2002 8 6.8 6.9 6.4
2003 9 1.1 3.9 2.7
2004 9 2.7 2.8 2.1
Mean 3.5 4.7 4.0
RMSE 1.6 1.0

is computed by multiplying the PET by a crop coefficient. The
CPET assumes there is no water limitation, and it is not the

actual crop evapotranspiration.

Crop coefficients have been determined for most crops

and vary throughout the growing season. Coefficients are

usually lowest in the early stages of growth when leaf area is
small and highest in the middle of the growing season during
fruit development and vary regionally because of differences
in soil properties and climate. Crop coefficients for corn and

cotton from the University of Georgia Cooperative Extension

(Harrison, 2009a) vary seasonally from about 0.2 to 1.1

(fig. 5A and B). Regional estimates of crop coefficients for
soybeans and peanuts were not available for Georgia and were

from the Food and Agriculture Organization of the United
Nations (FAO) (Food and Agriculture Organization of the
United Nations, Water Development and Management Unit,
2011). Soybean and peanut crop coefficients varied seasonally
from about 0.4 to 1.1 (figs. 5C and D). Crop coefficients

are reported relative to the number of days after planting.
Average planting dates for the four Georgia crops from the
National Agricultural Statistics Service (U.S. Department of
Agriculture, National Agricultural Statistics Service, 1997)
were used to assign CPET values to specific calendar days.
CPET volumes for each crop also were aggregated to 1-,

2-, and 3-week totals for use as explanatory variables in the
logistic equations.
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Logistic regression models were developed with the
SAS software package (SAS Institute, Inc., 1995, p. 51-65).
Model selection was performed with the best subsets method
and avoided simultaneous use of highly correlated variables.
This model-selection technique fits equations for all possible
combinations of explanatory variables and chooses the final
model based on goodness-of-fit statistics. PET and CPET
variables of all antecedent periods were highly correlated with
each other. In addition, precipitation variables of different
antecedent periods were also highly correlated with each other
but were not correlated (or inversely correlated) with PET or
CPET variables. Highly correlated explanatory variables were
not used together in any equation to avoid covariance, which
can cause unreliable model coefficient estimates (Helsel and
Hirsch, 1992). Candidate equations for each crop type were
evaluated for goodness of fit by using the Akaike Information
Criteria (AIC) and the Hosmer-Lemeshow test (Hosmer and
Lemeshow, 2000). For a given dataset, the AIC indicator is
used to compare candidate models; the lower values indicate
better-fitting models. The Hosmer-Lemeshow test is specific to
logistic regression and compares the predicted probabilities to
observed responses to identify whether there is significant bias
in the model. A Hosmer-Lemeshow test p-value less than 0.1
indicates a lack of fit in the model. Final logistic models were
chosen based on goodness-of-fit statistics and were all statisti-
cally significant at the 95-percent confidence level compared
to the null model (table 3). The best-fit logistic regression
models predicting the probability of irrigation during a week
for corn, cotton, peanut, and soybean crops are:

e Corn
o(~18369+1.1336xCPET2)
= —1.8569+1.1336xCPET2 (2)
141830+ )
» Cotton
e(—l.3894+0.6428XCPET2—0.355IXPRCPI)
P= 3)
1+e(—l.3894+0.6428><CPET2—0A3551><PRCP1)
* Peanuts
e(*l.9986+1.3443><CPET270.4267><PRCP1)
P= 4)
1+e(—l.9986+]43443><CPET2—0.4267><PRCP])
* Soybeans
(F29786+2.4654<CPET1)
= ®)
1+e(—2.9786+2.4654><CPET1)
where
P =probability of irrigation during any week
between April 1-October 31;
e = base of the natural logarithm, equal to

approximately 2.7183;
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CPETI1 = total crop potential evapotranspiration,
in inches, during the week for which
irrigation is being predicted;

= total crop potential evapotranspiration,
in inches, during the week for which
irrigation is being predicted and the
previous week; and

= total precipitation, in inches, during
the week for which irrigation is being
predicted.

CPET2

PRCP1

Each crop uses a measure of antecedent CPET, but the
coefficients and antecedent period vary by crop. Cotton and
soybean equations also use antecedent precipitation with dif-
ferent coefficients for each crop.

The predicted probability of irrigation (P) can range from
near 0 to 1; values closer to 1 indicate a higher likelihood of
irrigation. Each equation was analyzed to determine the most
appropriate cutpoint for predicting irrigation use. The cutpoint
is determined iteratively by comparing model outcomes
with reported data over a range of potential cutpoint values
(Hosmer and Lemeshow, 2000). For each cutpoint, the number
of false positives and false negatives is determined. A false
positive occurs when there is a prediction of irrigation when
no irrigation was reported. A false negative occurs when
there is a prediction of no irrigation when irrigation was
reported. The optimal cutpoint for an equation balances the
number of false negative and false positive values. Optimal
cutpoints were about the same for corn and cotton (0.42 and
0.41, respectively) but were higher for peanuts (0.56) and
soybeans (0.46).

The overall accuracy of equations was determined by
comparing weekly predictions of the occurrence of irrigation
to reported data and determining the percentage of correct pre-
dictions. Equation accuracies were 70 percent for corn, 66 per-
cent for cotton, and 72 percent for peanuts and soybeans; other
metrics of the goodness of fit between predicted and reported
weekly irrigation in Georgia are summarized in table 3. In
general, the logistic regression equations (eqs. 2—5) predict
the occurrence of weekly irrigation for these crops reasonably
well with a balance of false positive and false negative predic-
tions. False positives and negatives were predicted about 14 to
17 percent of the time for corn and cotton irrigation and about
13 to 14 percent of the time for peanut and soybean irrigation.

Total weekly irrigation water use was estimated from
results of the logistic regression equations and the median
weekly application rate determined for each month and crop
type from the Georgia data (table 4). Mean annual irrigation
was estimated by multiplying the weekly application rate by
the number of weeks of irrigation during each month of the
growing season. Annual irrigation water-use estimates from
the regression equations had RMSEs of 2.0, 0.3, 1.5, and
0.7 in. for corn, cotton, peanuts, and soybeans, respectively
(table 2). Logistic regression estimates of annual irrigation
match mean annual reported irrigation for the four crop types
reasonably well; however, the variability between sites was
not well represented with the logistic approach (fig. 6).



Estimating Irrigation Water Use in the Humid Eastern United States

14

8¢l a4t 0Ll 14! SOATIEOU 9S[RJ JO JUIIDJ
vyl el 9l 961 soAnisod asye] Jo JuadIo g
8'1L ¥'L S99 1'0L suor3o1pai1d 1931109 JO JUDIdJ
90 960 840 w0 wrodinos Aiqeqold
(so1s uoneSLIII [[B 10J SYooM
VLI VLI 88¢ L91 Jo Joquinu [e303) syutod eyep Jo oquinN
|[apou }4-1s8q 8y} Jo Aoeinaae anoIpald
LTSY'0 9L06°0 10L°0 8€E€R0 J1)SIJE)S 1S9} MOYSOW-IOWSOH JO anjea-d
8 8 8 8 wopaaIJ JO sA0I39(]
I8°L 6¢°¢ s STy J1)SIJB)S MOYSIW T-IQWSOH]
6861 G8'161 6C°S0L 6¥°70¢ JIvV
|[8pou 214-1S8q 8y} JO SOLII8W 11J-J0-SSBUPOOY
1000°0> 1000°0> §20°0 10000 > 1000°0 > 6000°0 1000°0 > 1000°0 > 1000°0 > 1000°0 > SOJEWNS? JUAIOLF00 uonenba jo anjeA-d
09%°0 867°0 061°0 L1T0 90¥°0 LO1°0 ¥60°0 6L1°0 €CT0 09¢°0 10119 plepuelS
Sor'C 6L6°C- LTY'0- Prel 6661~ 6ee0- £79°0 68¢°1- veEl'l LS8'1- SHUSIOYJI0D [OPOIN
aouealyubis |Bo11SIIEIS PUB ‘SAN|BA JUBIJIYB09 ‘SA|GRLIBA |[9pOW }j-1Sag
113dJ 1dasiau) 1dd4dd ¢13d) 1dagsayuj 1dd4dd ¢13d) 1dassayuj ¢13dJ 1dassajuj
sueaqhog sjnuead uoyo?) u109)
[uemp

SS9[ “> @UBOYIUTIS JO INSBIW ‘AN[BA-d ‘UOLIAILID) UONJBULIOJU] OIBYY DIV Sayour ur ‘ownjoA uonedroard yoam-1 ‘14D¥d soyour ut ‘ownjoa uonendsuenodess do1d yoam-z pue yoom-1 ‘z1AdD ‘1.LAdD]

‘e1f1oag u1 sdolo ueagAos
pue ‘inuead ‘uono9 ‘ulod Joj uoseas Buimolb L0z pue e00Z Yyl Buinp uonebual Apjaam Bunoipaid Jo) padojanap suoienba uoissaihal ansifo| Joj sansiels Alewwns g ajqel



Irrigation Estimation Methods 15

Table 4. Seasonal median irrigation (May to October) during 2009 and 2010 for 6 corn, 18 cotton, 6 peanut, and 6 soybean sites

in Georgia.
Median growing-season irrigation rate (May to October),
Crop in inches per week
May June July August September October
Corn 0.40 0.97 0.77 0.07 0.03 0.02
Cotton 0.08 0.35 0.57 0.40 0.16 0.05
Peanuts 0.66 0.72 1.03 0.71 0.72 0.45
Soy